Programmed cell death, or apoptosis, is important for the development and homeostasis of tissues. Too little cell death can result in autoimmune diseases or cancer, whereas excessive cell death can lead to debilitating degenerative diseases of the heart or nervous system. The realization that apoptosis was genetically controlled first arose when it was observed that certain mutants of the model organism Caenorhabditis elegans caused failure of apoptosis in cells that normally undergo this process during development (Hengartner et al., 1992) . Subsequently, it was found that proteins that are encoded by the mutant genes discovered in C. elegans shared homology with mammalian proteins, including B-cell CLL/lymphoma 2 (Bcl-2) (Hengartner and Horvitz, 1994) . Further study in mammals revealed that there is an intrinsic apoptotic pathway that involves the mitochondria and an extrinsic apoptotic pathway that involves death receptors. The mitochondrial pathway of apoptosis in mammals, on which this poster article is focused, is regulated by members of the Bcl-2 family of proteins.
Proteins of the Bcl-2 family have either pro-or anti-apoptotic activities and regulate the mitochondrial pathway of apoptosis by controlling the permeabilization of the outer mitochondrial membrane. In response to many types of stress or damage, certain members of the Bcl-2 family, known as BH3-only proteins (see below), are activated. Certain BH3-only proteins cause the activation of the pro-apoptotic proteins Bcl-2-associated X protein (Bax) or Bcl-2 antagonist/killer-1 (Bak) at the mitochondrion. Activated Bax and Bak homo-oligomerize and participate in the formation of pores in the outer mitochondrial membrane through which pro-apoptotic molecules escape, including second mitochondria-derived activator of caspase (Smac) (also known as Diablo) and cytochrome c. Release of cytochrome c leads to the activation of caspases, which are proteases that cleave key cellular proteins. This leads to many of the morphological characteristics of apoptosis, including condensed nuclei, DNA laddering In this brief Cell Science at a Glance poster article, we discuss how proteins of the Bcl-2 family control the crucial event in the commitment to apoptosis -the permeabilization of the mitochondrial outer membrane. In addition, we discuss recently developed methods for probing how cancer cells manipulate members of the Bcl-2 family to block apoptosis. Understanding these principles is key to understanding how certain insults and derangements commit selected cells to death, but spare others.
Members of the Bcl-2 family
The Bcl-2 family can be divided into proapoptotic and anti-apoptotic proteins. These proteins contain one or more Bcl-2 homology (BH) domains, which share sequence homology and are important for heterodimeric interactions among members of the Bcl-2 family (Chittenden et al., 1995; Danial and Korsmeyer, 2004) . Most antiapoptotic proteins contain BH domains 1-4. Pro-apoptotic proteins can be divided into two groups according to function and the number of BH domains possessed. Bax and Bak are pro-apoptotic proteins that contain BH domains 1-3 and are known as multidomain pro-apoptotic or effector proteins. The remaining pro-apoptotic proteins contain only the third BH domain and are known as BH3-only proteins. BH3-only proteins act as upstream sentinels of cellular damage and derangement. They can be activated by many noxious stimuliincluding DNA damage, growth-factor withdrawal and oncogene activation -via mechanisms that include transcriptional upregulation, subcellular localization and/or post-translational modifications. For example, p53-upregulated modulator of apoptosis (Puma) and Noxa (the latin word for damage; also known as PMAIP1) are transcriptionally upregulated by p53 in response to DNA damage (Nakano and Vousden, 2001; Oda et al., 2000) . In some cells, Bim can be sequestered within the cytoskeleton, to be released only in response to certain death stimuli (Puthalakath et al., 1999) . BH3-interacting-domain death agonist (Bid) is activated by cleavage by caspase 8 to form truncated Bid (tBID) (Li et al., 1998) , whereas Bcl-2-associated death promoter (Bad) is activated by dephosphorylation (Zha et al., 1996) . The relatively numerous pro-and anti-apoptotic members of this family engage in complex interactions with each other to ultimately decide whether a cell will commit to death Journal of Cell Science 122 (4) Box 1. The BH3 profiling technique BH3 profiling is a technique that uses BH3 domains of BH3-only proteins to apply a standardized death signal to mitochondria. This allows for the comparison of how readily different mitochondria, and hence cells, undergo apoptosis. Each anti-apoptotic protein of the Bcl-2 family has a distinct pattern of binding to certain BH3-only proteins. Peptides are designed using the amino-acid sequence (approximately 20 amino acids) of the corresponding BH3-only protein. Mitochondria are isolated from the cell line or patient sample. Peptides are incubated with the mitochondria and mitochondrial outer-membrane permeabilization (MOMP) is measured. The resulting pattern of peptides that do or do not cause MOMP is the readout of the assay.
BH3 profiling can also distinguish among three classes of apoptotic block that are used by cancer cells to survive. A class A block indicates that functional activator BH3-only proteins are present at relatively low levels. In this case, the BH3-only protein activators Bid and Bim, but not any of the BH3-only protein sensitizer peptides, would cause MOMP. In a class B block, the pro-apoptotic proteins Bax and/or Bak are absent or not functional. In this case, none of the BH3-only peptides would cause MOMP as Bax and/or Bak are required for their effect. A class C block indicates that anti-apoptotic proteins are present and primed with BH3-only protein activators, or activated Bax or Bak. In this case, one can compare the pattern of the BH3-only sensitizer peptides that cause MOMP with the binding code for the specific anti-apoptotic proteins to determine which anti-apoptotic proteins are primarily responsible for maintaining survival. by controlling permeabilization of the mitochondrial outer membrane.
Mitochondrial permeabilization
Mitochondrial outer membrane permeabilization (MOMP), which releases numerous pro-apoptotic proteins into the cytosol, is the pivotal event in the intrinsic apoptotic pathway. Bax and Bak double-knockout cells fail to undergo MOMP in response to many different death stimuli, including staurosporine, ultraviolet (UV) radiation, growth-factor deprivation, DNA damage and endoplasmic reticulum stress (Wei et al., 2001) . Apoptosis that is caused by BH3-only proteins absolutely requires Bax and Bak Lindsten et al., 2000; Wei et al., 2000; Wei et al., 2001) . Bax proteins can be found as monomers in the cytosol or loosely associated with the outer mitochondrial membrane when not activated. Bax translocates to and inserts into the mitochondrial outer membrane during the activation process Wolter et al., 1997) . Bak is inserted into the outer mitochondrial membrane even when not activated (Wei et al., 2000) .
One of the steps that is involved in the activation of Bax and Bak is a conformational change that exposes the N-terminus of the proteins, which is otherwise hidden in the inactive state (Yethon et al., 2003) . This activated conformation can be recognized by conformation-specific antibodies, such as 6A7, which is specific for Bax . Following activation, Bax and Bak form homo-oligomers that can be visualized via western blotting following chemical crosslinking (Wei et al., 2000) . Bax and Bak oligomers participate in forming pores in and cause permeabilization of the outer mitochondrial membrane, leading to the release of the contents of the mitochondrial intermembrane space, including cytochrome c and Smac, into the cytosol (Wang, 2001) . These contents drive the activation of caspases, which are proteases that cleave and disable crucial proteins throughout the cell.
Bax and Bak activation
Given the lethal consequences of Bax and Bak activation, understanding how their activation is controlled is key to understanding how a cell makes the decision to undergo apoptosis. . This can result in an overestimation of the amount of Bax that is actually bound to anti-apoptotic proteins. Artificial activation of Bax and Bak does not occur in buffers that contain detergents such as 3-[3-(Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). However, it might be that Bax and Bak can alternatively interact with proteins that remove the requirement for sequestration by anti-apoptotic proteins (Cheng et al., 2003) . More recent iterations of this model include the concept that the sequestered forms of Bax and Bak are those fractions of the total Bax and Bak population that are already activated, perhaps spontaneously, or perhaps by other unspecified means (Fletcher et al., 2008) .
According to the direct model of Bax and Bak activation, activator proteins (which include Bid, Bim and possibly others such as Puma and p53) directly interact with and induce conformational changes in Bax and Bak. Studies using full-length proteins, lipid membranes and real-time fluorescence resonance energy transfer (FRET) analyses has provided convincing evidence of such an interaction and for its role in membrane permeabilization . Antiapoptotic proteins prevent death by binding and sequestering such pro-apoptotic activator BH3-only proteins, and also by binding any monomeric, activated Bax and Bak proteins that might be present. In this model, BH3-only proteins are further divided into activator and sensitizer categories (Letai et al., 2002) . Sensitizers cannot activate Bax and Bak directly, but can bind anti-apoptotic proteins and cause the release of activator BH3-only proteins, leading to activation of Bax and Bak. A prediction of this model is that the deletion of all activators would result in a profound block in apoptosis that is equivalent to the loss of Bax and Bak. By contrast, however, a combined knockout of Bid and Bim results in relatively minor defects in apoptosis (Willis et al., 2007) , but it is likely that additional factors other than Bid and Bim can act as activators. In fact, there are data that support the role of Puma, p53 and heat as activators of Bax and Bak (Chipuk et al., 2004; Kim et al., 2006; Pagliari et al., 2005) , and possibly others remain undiscovered. The important point is that the activation of Bax and Bak might be affected by factors outside of the Bcl-2 family of proteins. Very recent results have demonstrated a structure of a complex of the BH3 domain of Bim with Bax (Gavathiotis et al., 2008) . Surprisingly, the interaction takes place on the Bax surface distal from the hydrophobic pocket formed by the BH1, BH2 and BH3 domains. The analogous pocket is used by anti-apoptotic proteins to bind BH3 domains.
The gulf between the two models is not unbridgeable. As long as one is willing to accept that there are activated subsets of Bax and Bak that are required to kill, and that must be sequestered by anti-apoptotic proteins to maintain survival, a unifying model can be constructed. In this model, activated Bax and Bak are responsible for the permeabilization of membranes. They achieve the activated state either by interacting with activator proteins, by spontaneously activating, or via other unknown means. Anti-apoptotic proteins inhibit death by sequestering activator proteins or activated Bax and Bak. In addition to activating Bax and Bak (a property possessed by only a subset of BH3-only proteins), BH3-only proteins cause death by displacing activators and Bax and Bak from anti-apoptotic proteins, permitting progression of the death signal. This model is summarized in the poster accompanying this article. (Zhong et al., 2005) . This interaction, in addition to the numerous PEST sequences [which have many proline (P), glutamic acid (E), serine (S) and threonine (T) residues (Kozopas et al., 1993) ] possessed by Mcl-1, might account for the short halflife of the Mcl-1 protein. The specificity of these interactions can be exploited to deduce important elements of the control of apoptosis by individual cell types using a procedure called BH3 profiling.
Specificity in the interaction

BH3 profiling
The dependence of a cell or mitochondrion on any one of the anti-apoptotic proteins can be detected by a technique called BH3 profiling (see also Box 1) (Certo et al., 2006; Deng et al., 2007) . To perform BH3 profiling, mitochondria are exposed to a panel of BH3-domain peptides from BH3-only proteins and MOMP is measured. On the basis of which peptides induce MOMP, one can discern whether there is dependence on an individual anti-apoptotic protein. For example, a response pattern that includes Bim, Bid, Noxa, Puma and Bmf suggests dependence on Mcl-1. Alternatively, a response pattern that includes Bim, Bid, Bad, Puma and Bcl-2-modifying factor (Bmf) suggests dependence on Bcl-2 or Bcl-w. Cells that are dependent on anti-apoptotic proteins share the characteristic of being 'primed for death'. The anti-apoptotic proteins of such cells are already burdened with significant amounts of activator BH3-only proteins, such as Bim (Del Gaizo Moore et al., 2007) , and can be killed merely by inhibiting anti-apoptotic function. This, in turn, releases the bound pre-existing proapoptotic proteins and provokes apoptosis. We have found that many cancer cells and cell lines have this 'primed' phenotype, but limited results in normal tissues suggests that this is less likely to be the case in normal tissues. A strategy of Bcl-2 antagonism is being employed in clinical trials of agents such as ABT-263, as some cancers are dependent on Bcl-2 for survival (Oltersdorf et al., 2005; Tse et al., 2008) .
Future directions
Although many important discoveries have been made regarding the roles of members of the Bcl-2 family in the mitochondrial apoptosis pathway, important questions remain. Are there other important activator and sensitizer proteins? Are there undiscovered mechanisms for holding Bax and Bak at bay? How do the noxious stimuli we routinely use to kill cells in culture and in vivo interact with proteins of the Bcl-2 family to cause apoptosis? Finally, can direct inhibition of antiapoptotic proteins be an effective tool in treating cancer? We await the results of clinical trials of drugs such as ABT-263 (Table 1) to answer this key question.
